
FACTA UNIVERSITATIS  
Series: Electronics and Energetics Vol. 27, No 4, December 2014, pp. 543 - 560 
DOI: 10.2298/FUEE1404543V 

LIFETIME ASPECTS OF WEARABLE ELECTRONICS

 

Hans de Vries 

Philips Research Laboratories, Eindhoven, The Netherlands 

Abstract. In the course of two European projects the endurance behavior of stretchable 

electronic substrates and of electronic textiles was investigated. The results have to a 

large extent been published already. In this work new analyses to the earlier results are 

presented. Straightforward analytical approaches are used to describe fatigue under 

cyclic mechanical loading in the two technologies. For stretchable substrates the actual 

plastic strain upon stretching could be qualitatively evaluated to replace the engineering 

strain. For the textile-based substrates the bending strain was estimated. Additionally, 

there are sub-categories within each technology which perform differently and apparently 

show percolation behavior. 
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1. INTRODUCTION 

During the last decade or perhaps even longer the notions of wearable electronics and 

smart textiles have received ever more attention. The main justification for this development is 

the possibility to make electronic applications that are conformable around complex shapes. 

One can think of monitoring human body functions where small signals need to be measured 

and thus the devices must be placed close to or on the skin. The application areas are amongst 

others in health care, wellness and leisure. But one has also a larger freedom of design in 

consumer and professional products, for instance lighting and automotive.  

In this contribution the endurance behavior of the abovementioned technologies is 

addressed. 

Quite understandably, initially research and development organizations have spent 

most effort to the study and development of the application areas and the technologies. 

As for stretchable substrates with conducting tracks and components, the first investigations 

are from Princeton University, Lawrence Livermore National Laboratories, and John Hopkins 

University (see references in [1]). Here, we refer to the European project STELLA
*
 where 

three technologies were investigated and demonstrator products were made [1, 2, 3]. 

Textile-based technologies and applications were the subject of the European project 
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PLACE-it
†
. Recently, an extensive review has been published on the history of smart 

textiles, trends and identifying the important challenges such as the manufacturing 

technologies and the robustness of the products [4]. Of course, much more has been 

published on stretchable and textile-based electronics, but it is not the purpose of this paper 

to give a full account of the literature.  

An important factor that needs attention before products are introduced on the market is 

the reliability and the lifetime. Since reliability is defined as ‘the ability / probability of a 

product to fulfill its intended function, under specified loading conditions, during a 

specified period of time’, the reliability and the lifetime requirements depend on the 

application. One thus has to make an inventory of the relevant stress factors that the product 

will be subjected to, and test them accordingly. Especially when new applications, or new 

technologies, or new materials, or a combination of these are developed, one might encounter 

new stress conditions which ask for new test strategies. 

Two examples may serve as illustration. Suppose one designs an activity monitor for 

para medical usage or for athletes (such as to measure heartbeat, respiration frequency et 

cetera). The device will stretch about 5% when pulling it over the wrist; in actual use the 

stretch is less. This will be done ten to twenty times daily for say three hundred days per 

year. With a desired lifetime of three years, the product should endure up to ten thousand 

stretch cycles of 5%. The second case is a textile-based device that will be tightly wrapped 

around a limb or the body – a device for instance that is meant for skin treatments (light 

therapy). Because in the warp and weft directions a textile is only limited stretchable (a few 

percent perhaps) the most important stress type is that of bending each time the device is 

applied. With a required lifetime of three years, the product must endure several thousand 

bending cycles. Of course, this will also depend on the bending radius. 

A special feature of wearable electronic products is washability. This was also 

touched upon in the two referenced European projects, but indeed the scope was 

comparatively limited, and as far as the author is aware no results were published. Apart 

from the fluids and detergents, obviously various mechanical stresses will be imposed on 

the products: bending, folding, rolling, and shock impacts.  

To summarize, the introduction of stretchable and textile-based electronic products 

goes hand in hand with additional factors that have influence on the reliability and the 

lifetime of these products. It will be clear that the conventional stress factors, such as 

temperature and humidity, still apply and must be tested for. 

This leads to the actual purpose of the paper, which is to address the particularities of 

wearable electronics that relate to reliability and lifetime. All data come from the two 

European projects that were referred to earlier. Often a dedicated test setup had to be 

designed to investigate the failure modes. A couple of results on endurance tests have 

been published for stretchable electronics [5, 6] and structures made with woven and non-

woven textile [7, 8]. Sometimes, a model description for the failure mechanism could be 

included. It is worth to review these earlier studies and try to further explore the 

possibilities of modeling the failure mechanisms. These will be rather simple models, but 

they are only meant to shed light on the underlying physics. Thus we hope to encourage 

other researchers to continue in this field. 

                                                           
† PLACE-it: Platform for large area conformable electronics by integration. IST-0248048, 2010–2013. 
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The main subject is the fatigue lifetime modeling of the two technologies in general. 

However, within each of these two there is a category which cannot be related to fatigue. 

Instead, there are indications that the behavior of these categories should be explained in 

terms of percolation theory. 

The paper is organized as follows. In the second chapter the samples fabricated with 

the various technologies are briefly introduced. Also the test methods and the test results 

are presented, including the essential results of the failure analyses. Fatigue lifetime 

analyses are the subject of the third chapter. The above mentioned special categories will 

be discussed in chapter four. Finally, a summary and outlook are formulated. 

2. TEST STRUCTURES, TEST METHODS, AND TEST RESULTS 

As was mentioned, nearly all test structures, methods and results have been published 

already, and thus we will give only a brief description in this chapter. Further details can 

be found in the referenced literature. At the end of this chapter a compilation of the 

available test data will be made, which will be further analyzed and discussed in the next 

chapter. 

 

 

 

Fig. 1 Meander structure of stretchable 

copper board and stretchable molded 

interconnect technologies [5]. 

Fig. 2 Design of meander and definition of 

parameters [5, 9, 11]. 

2.1. Stretchable technology 

For each of the three stretchable technologies basically the same test structures were 

used [5]. These have a meander-shaped conductor incorporated in or on the stretchable 

substrate. A meander-like structure allows for larger deformations of the metal conductor 

as it acts as a kind of spring [9]. Other shapes, which have a spring-like feature in 

common, have been proposed and studied as well, see e.g. [10]. 

The second technology is called stretchable molded interconnection (SMI) and uses 

polydimethylsiloxane structures (PDMS, Sylgard 186 of Dow Corning) [3]. Here, the 

copper tracks have a thickness of 18 µm. The total thickness of the substrate is 1 mm.  
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A typical layout of the samples for both technologies is shown in Figure 1. The 

influence of the shape of the meander – the angle (), radius (R), pitch (p), and width 

(w), see Figure 2 – on the mechanical properties [9, 11] and the endurance behavior [12, 

13] has been investigated. 

The third technology is called stretchable polymer board (SPB) and one applies 

screen printing of a conductive paste on a polyurethane micro fiber carrier non-woven 

material [2]. The paste consists of a thermoplastic polyurethane matrix filled with silver-

coated flakes. In this case a horseshoe shape of track was made (for this case, in Figure 2 

the angle  = 0). The substrates have a thickness of about 0.27 mm. We will present and 

discuss the results in chapter 4. 

2.2. Electronic textile  

Two basic types of textile samples were manufactured for the endurance tests. One 

type is made by weaving conductive yarns into a textile, mostly parallel to the warp 

direction [4, 7]. Since light therapy is considered as a possible application, light emitting 

diodes (LEDs) are mounted on the textile on positions where the conductive yarn lies on 

top of the weave, the so-called floats. 

 

 

 

Fig. 3 Woven test sample with rows of 

LEDs [7]. The globtop is visible as 

the brown ring around the LEDs. 

The conductive yarns are in the 

warp direction (left-right).  

Fig. 4 Layout of non-woven test structure 

of combined stitched (red dashed 

lines) and embroidered conductive 

yarns (blue solid lines) and 

interconnection [8]. (black dot, see 

insert). The resistance is measured 

between A and B.  

In Figure 3 an example of a textile with LEDs is depicted. The LEDs are electrically 

connected to the conductive yarns with conductive adhesive paste and this connection is 

reinforced by globtop around the LED. Typical dimensions of the textile are 85100 mm
2
. 

The weave is characterized by the thickness of the cotton wire which is given by the dtex-

number (mass in grams of 10,000 meter of wire) and the pitch of the weave, given in 
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picks per centimeter. The conductive yarn consists of 20 silver-clad copper filaments of 

40 µm thickness. The bundle has a twist of about 240 turns per meter.  

The other type of textile test sample is made from non-woven material of about 0.6 

mm thickness and size of 80150 mm
2
. Conductive yarns are bundles of 34 polyamide 

filaments which are coated with about 1 µm silver. Two different techniques were used to 

attach these yarns to the substrate. One is by stitching with a sewing machine. In this case 

an upper and an under yarn – both conductive – are stitched together. Alternatively, the 

conductive yarn is embroidered to the top of the substrate by a separate, non-conductive 

yarn. This is called soutache. In the test samples both techniques were combined and the 

two yarns were connected by a knot as shown schematically in Figure 4. One can also 

connect two similar yarns in this way; the essential point is to use existing methods of 

applying yarns and making electrical interconnections. The insert shows a detail of such 

interconnection. The resistance was monitored between the points A and B. For further 

information, see [8]. The results will be discussed separately in chapter 4. 

2.3. Test methods 

From the introduction it will have become clear that the relevant type of stress is repeated 

bending or stretching. Thus, test setups are needed to provide such deformation in a cyclic 

manner to the test structures. The stretchable were mounted in test machines – either 

commercially available or home built – and subjected to stretching cycles of up to 20% for 

SCB- and even higher for SMI-technology, and 5% for the SPB-samples [5, 14]. Care was 

taken not to stretch the samples too close to the limit of maximum elongation. Simultaneously, 

the integrity of the metallic conductors and of the electrical interconnections was monitored 

in order to determine the moment of failure.  

 

 

Fig. 5 Setup for cyclic bending test, 

showing springs to hold the textile 

straight, and clamp (white blocks) 

to move the sample up and down. 

Fig. 6 Schematic of cyclic bend test with 

springs, and clamp moving up and 

down over distance (z). The half-length 

of the non-rigid part is given by l. 

For the electronic-textile samples a dedicated bending test machine was built as 

described in [15]. The sample (Figure 5) is held straight by springs. The central part with 

the LEDs is moved down and back again, which causes the textile substrate to bend next 

to the row with LEDs which are rigid, see Figure 6. The current through the LEDs was 

recorded to observe the moment of failure in the conductive yarns or in the electrical 

interconnections. In the same contraption the non-woven substrates with the stitched and 

embroidered conductive yarns (Figure 4) were put to test. Here, the row with the knot-
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type of interconnections is tested. The electrical resistance of the conductive yarns was 

measured. 

The layout of the various test structures made it possible to do a number of 

measurements per sample in parallel. In most of the cases experiments were repeated, so 

that in the end a statistical evaluation of the failure data could be done. For that purpose 

Weibull-statistics were applied. The two-parameter Weibull-function is a probability 

distribution function described by a scale parameter () denoting its position and a shape 

parameter () denoting its width. The cumulative distribution function as function of time 

(t) is: 

 ( ) 1 exp[ ( ) ]F t t     (1) 

Examples of failure distributions with the 95%-confidence levels are given in Figure 7 

and Figure 8. The slopes of the distributions are 6.4–10 for the SCB-samples and 3.5–4.8 

for the textile samples. These values indicate that accelerated test conditions were applied, 

leading to wear out failures.
‡
  

 

  

Fig. 7 Weibull failure distribution with 

95%-confidence levels of SCB-

samples cyclically stretched to 5% 

() and 7.5% (). 

Fig. 8 Weibull-failure distributions with 

95%-confidence levels of textile 

sample cyclically bent by displacing 

over 59 mm () and 77 mm (). 

2.4. Test results & Failure analyses 

In the following paragraphs of this section the results from the endurance tests are 

collected. Both the lifetime results and the failure analyses will be given. For each case – 

stretchable, textile – the cyclic lifetime is given as it was obtained for each test condition. 

This will be the elongation or engineering strain for the stretchable samples, and the 

displacement (z) imposed by the bending tool (see Figure 6) for the textile-based samples. 

The lifetime is defined as the scale parameter of the Weibull-distributions (, see 

equation (1)), which is thus the time or number of cycles to 63.2% failures.  

                                                           
‡ The failure rate decreases over time (t) for  < 1 (early failures), is constant for  = 1 

(random failures), and increases for  > 1 (aging or wear-out failures). For severe or accelerated test conditions, 

 can have values well larger than two or three. 
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Table 1 shows the results for two of the stretchable technologies. Similar is listed in 

Table 2 for the textile substrates. It should be mentioned, that after 950,000 cycles to 

2.6% stretch, the SMI-sample had not failed. In the same sense the textile-bending test to 

35 mm displacement did not lead to complete failure, but several filaments in the bundle 

were broken, and so we include this result in the evaluations as were it a failure. 

Table 1 Engineering strain and observed cycles to failure for the indicated stretchable 

technologies. The margins are the 90%-confidence levels from the failure distributions. 

Technology Strain (%) Cycles to failure Reference 

SCB 20 150±20 5 

 15 300±50  

 10 700±100  

 7,5 920±120  

 5 3200±200  

 2,5 45000±6500  

SMI 20 200±50 5 

 15 500±150  

 10 2100±800  

 10 2500±800  

 7,5 3300±300  

 5 16000±6000  

 4 100000±15000  

 2.6 950000: no failure 

Table 2 Displacement (z) and observed cycles to failure for textile with indicated 

characteristics (dtex in grams per 10,000 meter of yarn, picks/cm in number of yarns 

per cm). The margins are the 90%-confidence levels from the failure distributions. 

Textile z (mm) Cycles to failure Reference 

dtex: 76 86 25000±7000 7 

picks/cm: 33 77 49000±8000  

 59 105000±20000  

 35 1500000: partial failure 

Finally, selected results from the failure analyses will be given as an illustration to 

reveal the failure mechanisms. This is one essential step to decide which models should 

be used for a description of the lifetime in the stretchable and textile substrates. In Figure 

9 and Figure 10 for SCB and in Figure 11 and Figure 12 for SMI typical examples of the 

failure mode in the meandering Cu-tracks of the stretchable substrates are shown. From 

the pictures one can derive that the failure mechanism is fatigue, caused by the mechanical 

cycling. From the statistical analyses (see e.g. Figure 7) it followed that the cumulative 

distributions are near parallel to each other, which supports the conclusion that the same 

failure mechanism applies for all cases. 
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Fig. 9 SCB-sample with fatigue 

deformation. The scale bar is 100 

µm. 

Fig. 10 SCB-sample with fatigue crack 

after testing to 5% stretching. The 

scale bar is 200 µm. From [5]. 

  

Fig. 11 Micro cracks in the Cu-track of 

SMI-sample after testing to 4% 

stretching. The scale bar is 100 

µm. From [5]. 

Fig. 12 Incomplete fatigue crack in the 

Cu-track of SMI-sample after 

testing to 4% stretching. The scale 

bar is 200 µm. 

As for the textile-based technology, some results of failure analyses have been 

published before [7], but since these are new in comparison to the polyurethane-based 

stretchable technologies it is useful to elaborate a little bit more here. Figure 3 shows a 

typical layout of an electronic textile with rigid components (LEDs reinforced with 

globtop). Upon bending most of the deformation takes place at the transition from the 

rigid to the textile parts (see Figure 5 and Figure 6) – and this is exactly the location 

where failure occurs. In Figure 13 an X-ray image of a detail of the textile with LED after 

the cyclic bend test is shown. One can see the position where the bundles of filaments are 

broken. Next to this picture, Figure 14 shows an optical image of the same part where one of 

the two broken conductive yarns has been pulled out of the weave. The failure site coincides 

with the edge of the globtop. To be complete, a cross section of such a construction proves 

that indeed the metallic conductor breaks right outside the edge of the rigid globtop. One can 

see this in Figure 15 where a part of the LED is shown with its lead attached to the 

conductive yarn in the textile. The electrical interconnection is made with conductive 
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adhesive, which is a mechanically weak connection. Therefore globtop is applied which is 

also visible in the photo. The detail of Figure 16 reveals a crack in the Cu-filaments close to 

where the globtop ends. All this is evidence for fatigue as failure mechanism. 

 
 

Fig. 13 X-ray image of LED-on-textile 

after cyclic bend test. The two 

conductive yarns are broken at the 

edge of the rigid to textile transition.  

Fig. 14 Optical photo of LED-on-textile 

after cyclic bend test, same as in 

Figure 13. One of the two 

conductive yarns has been pulled 

out of the textile. 

  

Fig. 15  Cross section of LED on textile 

with from top to bottom: lead / 

adhesive / yarn. The dark grey 

mass is the globtop. 

Fig. 16 Cross section showing yarn with 

crack close to the edge of the 

globtop. 

The statistical analyses indicate that in all test cases the conductive yarns failed 

because of the same mechanism: the cumulative distributions are in parallel, as one can 

infer from Figure 8. 
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Before turning to the evaluation of the results in order to develop a model description 

of the failure mechanism, it may be convenient to summarize the results that were 

collected. Cyclic endurance tests have been carried out. Samples based on stretchable 

technologies were elongated to various levels until electrical failure occurred. Similarly, 

samples based on electronic textile were bent at different levels. The number of cycles to 

failure depends on the strain level. From the failure analysis it was concluded that the 

failure mechanism is fatigue. 

3. ANALYSES & DISCUSSION 

In the analyses of below chapter, first the some basic elements that relate to fatigue 

will be discussed. Then we will provide additional evaluations of the data that were 

published earlier. This leads to a close agreement with results obtained on stretchable 

substrates that are reported in other research. 

3.1 Fatigue general 

As we have discussed in the previous chapter, fatigue has been identified as the 

mechanism of failure. In so far as low-cycle fatigue is concerned, the well-known 

Manson-Coffin relation [16] is commonly used to describe the cycles to failure as function 

of the applied strain: 

 ' (2 ) .
2

p c
f fN





  (2) 

p is the plastic strain range, f
’
 and c are the fatigue coefficient and exponent 

respectively, and Nf is the number of cycles. This relation strictly applies only to the 

situation of large strain values, where plastic strain dominates. Typical values for the 

exponent (c) are between about -0.5 and -0.7 for most metals. A similar relation was 

described by Basquin [17] for the fatigue stress as function of the number of repetitions, 

which Morrow proposed to write [18]: 

 ' (2 ) .b
a f fN   (3) 

Here, a is the fatigue strength, f
’
 and b are the fatigue strength coefficient and exponent, 

and Nf the number of cycles. Values for the exponent (b) are normally in the range of -

0.07 to -0.12. This latter expression is also referred to as high-cycle fatigue. Morrow 

recognized that because stress and strain are connected through the elastic modulus (E), 

both equations can be combined to an expression for the total strain amplitude /2 [18]: 

 

'

'(2 ) (2 ) .
2

f b c
f f fN N

E





   (4) 

It thus follows that two slopes exist in a diagram of the total strain amplitude versus the 

number of cycles, two slopes that describe two regimes. Below about 10,000 cycles low-

cycle fatigue occurs while (very) high-cycle fatigue should be found at one million cycles 

or more [19]. In between there is a transition region. 
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At several occasions in his paper on the effects of thermal stress on the cyclic 

durability of metals, Manson points out that concentration of stress is of great importance 

[16]. Whereas in brittle materials such concentration of stress determines the failure, this 

is not so in ductile materials – unless the stress is applied cyclically and plastic strain 

accumulates. This has eventually led to considering the plastic strain energy as the 

leading influence factor for fatigue [18]. Later, more sophisticated approaches were 

proposed, as one can read in the review on prediction methods for fatigue damage [20]. 

With respect to wearable electronics it was recognized that even at small elongations 

deformation can pile up and lead to failure. By means of finite element modeling the 

locations of maximum stress and strain in a stretched meander structure were identified. 

These are the apex and the inflection point in the meander [9].  

We will now use the above to analyze the lifetime data on stretchable samples in 

section 3.2 and similar for the electronic-textile samples in section 3.3. 

3.2 Lifetime modeling for stretchable technology 

Turning to the actual data, Figure 17 represents the engineering strain range versus 

the cycle life of the stretchable test structures. Two power law curves such as equation (2) 

have been fitted through the data. Their exponents are for the SCB-data c = -0.37 and for 

the SMI-data c = -0.32. For SMI the curve was fitted through the data with the exclusion 

of the points at 4% and 2.6% strain. 

Two remarks must be made to this analysis. In the first place, the data point for the 

SMI-samples at an elongation of 2.6% does not represent a failure (see Table 1) and an 

actual failure would thus occur after more cycles. But already there is an indication that 

the data point deviates from the fitted power law. This could mean that stretching to 

2.6%, and perhaps already at 4%, involves mainly elastic deformation and the high-cycle 

regime applies. The second remark concerns the values of the exponents of the power law 

function. Although the values are in line with other reported values of the fatigue 

exponent for Cu-structures, and in particular for such of comparable thickness where 

values of -0.14 to -0.46 could be evaluated [21], one must be cautious as to the precise 

value of the exponents in view of the above mentioned effect of stress concentration. 

Below it will be demonstrated what the consequences are for the analyses of the test data. 

In particular the work at IMEC [9] referenced in the previous subsection made clear 

that the highest deformation concentrates at the apex and the inflection points of the 

meandering Cu-trace. In our experiments the apex is indeed the position where failure 

occurs (see e.g. Figure 12), but no failure was observed at the inflection point. By finite 

element modeling the plastic strain was computed as function of the engineering strain 

for two PDMS-materials [9]. For a correct model description of fatigue failure that takes 

the actual deformation into account, not the elongation as used in Figure 17 is needed, but 

one must take the plastic strain. The data reported in [9] for the substrate material Sylgard 

186 was used to transform the elongation that was applied in the test (see Table 1) to 

plastic strain. Thus, the result of Figure 18 is obtained which we show together with the 

initial analysis. The power law of equation (2) was fitted to the data of 5% engineering 

strain or higher, which gives an exponent of c = -0.60. This value is nearly the same as 

the exponent that the IMEC-paper reports of c = -0.59.  
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Fig. 17 Engineering strain versus cycles 

to failure for SCB- () and SMI-

technology () [5]. For the SMI-

series at 2.6% the sample had not 

yet failed (). The dashed lines 

are power-law fits. 

Fig. 18 Strain versus cycles to failure of 

SMI-test samples (same data as in 

Figure 17). Engineering strain 

() and plastic strain () 

according to [9]. The lines are 

explained in the text. 

As was explained in the introductory part of this chapter, in the case where plastic 

strain dominates the power law usually has an exponent in the range of -0.5 to -0.7. The 

above analysis with an exponent of -0.60 is thus in good agreement. Moreover, also the 

failure analysis shows that failure is due to plastic deformation; see for instance the 

photos in Figure 11 and Figure 12.  

The two data points taken at 4% and 2.6% engineering strain were not included in this 

analysis – from 4% and below the slope of the power-law curve is less: c = -0.19 (see 

dotted line in Figure 18), which is somewhat higher than was mentioned above for high-

cycle fatigue. However, since at 2.6% no failure had occurred yet, the true power law will 

have a still lower value than -0.19. This is a clear indication for the transition from low- 

to high-cycle fatigue. 

The same procedure cannot be done for the SCB-samples since no such assessment of 

the plastic strain has been done yet. 

3.3 Lifetime modeling for textile technology 

The textile samples were not stretched but bent, and thus a different analytical approach 

is required. In the test, the samples were hold straight by springs and in the center they were 

vertically displaced over a certain distance (z), see Figure 6. It is thus now necessary to 

derive a relation between this displacement and the bending strain. The maximum bending 

strain in a beam of thickness d over a radius R is: 

 .
2R

d
b   (5) 

The system of the textile, the conducting yarn, and the spring can be regarded as a 

beam which is kept fixed at one end (A), see Figure 19. Point A is the edge of the LED-

globtop combination. For bending of a beam of length l the displacement caused by the 

force (F) at any location (x) is given by: 
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2

(3 ).
6

Fx
z l x

EI
   (6) 

E is the elastic modulus and I the moment of inertia of the beam. For the strain at the 

constrained end of the beam (A) the radius of the curve of the beam at that point must be 

determined. The curvature – i.e. the inverse of the bending radius – is: 

 
"

2 3/ 2
( ) ,

(1 ' )

z
K x

z



 (7) 

where z’ and z” are the first and the second derivatives of the displacement (z, equation 

(6)). Working this out, we have at point A (for x = 0, the edge of the rigid part) that the 

curvature is proportional to the force which is the only variable: 

 .)0( F
EI

Fl
K   (8) 

  

Fig. 19 Bending of a beam of length l by a 

force F. The beam is fixed at point 

A (x = 0). 

Fig. 20 Experimentally measured force-

displacement of textile (). 

Calculated force from spring 

constant (drawn line). 

The next step is to evaluate the force as function of the imposed displacement. This was 

done is two ways. First, the force in the vertical direction and the resulting displacement of 

the test sample were measured (see Figure 6). (Note that in the actual cyclic test the sample 

is moved up and down by a clamp which is attached to a piston with air pressure. For this 

particular purpose the clamp was removed in order to only move the textile with the springs 

to keep it straight.) Figure 20 gives the results of force versus the displacement as the open 

symbols. With respect to the second assessment, we must realize that the origin of the force 

originates from the four springs keeping the textile straight. Referring again to the setup of 

Figure 6, the displacement (z) and the angle () determine the elongation of the springs. 

Together with the spring constant the force along the direction of the textile is obtained, 

which is also shown in Figure 20 as the drawn line. 

The full expression for the force of the four springs (Fsprings) and the curve-fitted 

relation for the measured force on the test jig (Fjig) are given by the following equations: 
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 ,arctan,
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l

z
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z
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 (9a) 

 .0079.00033.0 2 zzFjig   (9b) 

The spring constant k = 0.19 Nm and the length l = 100 mm. Returning to the test results 

of Table 2, these are now complemented with the force on the textile, using equation 

(9b). Table 3 lists the result, and so, finally, the bending strain expressed in terms of the 

acting force can be plotted against the cycle life, see Figure 21. A power-law fit to the 

data yields an exponent of c = -0.41. 

Table 3 Displacement (z) and observed cycles to failure for textile (see Table 2).  

The force (F) is calculated with equation (9b). 

Textile z (mm) F (N) Cycles to failure 

Dtex: 76 86 23.73 25000±7000 

Picks/cm: 33 77 18.96 49000±8000 

 59 11.02 105000±20000 

 35 3.77 1500000 

 

Fig. 21 Bending strain given as force  

(see Table 3) versus cycle life in textile 

sample. The fitted line is a power-law fit. 

This value can be compared to the exponent that was obtained for the engineering 

strain of the stretchable substrates, which is in the range of -0.32 to -0.37 (see section 

3.2). The difference does not seem very impressive. For the stretchable samples we were 

able to estimate the plastic strain, which is not yet possible for the bending of the 

conducting Cu-yarns in the woven textile. 

But even if we do not know the plastic strain, we can summarize the analysis of the 

cyclic bend tests on electronic textile by concluding that the result gives confidence that 

the qualitative expression for the bending strain is correct. 
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4. CONDUCTOR NETWORKS 

In the second chapter we explained that there are some special situations. Both groups 

of technologies contain a separate case in which the electrical conductivity evolves 

differently under cyclic mechanical loading than in the other cases which were treated in 

chapter 3. 

The SPB-technology – based on non-woven materials with screen-printed conductors 

– differs from the SCB- and SMI-technologies. As was shown in the original paper [5], 

the resistance of the meandering tracks does not stay constant and upon failure suddenly 

increases, as happens in the two other technologies. Rather, the resistance increases 

gradually, and at some point it becomes irregular. Here, a typical example of a failed 

sample is shown in Figure 22, which indicates that the screen-printed structure breaks up 

because of its granular structure. The resistance was recorded during the cycles and is 

shown per each cycle as the value at 5% elongation and at rest. Figure 23 gives the 

resistance data which become irregular in the stretched state after about 200 cycles.  

 

  

Fig. 22 Failure mode of SPB-sample after 

test to 5% stretching [5]. Cracks are 

visible in the screen-printed layer.  

Fig. 23 Resistance of SPB-sample under 

cyclic stretching from 0% (dashed 

line) to 5% (solid line). From [5]. 

The second special case is the combination of two methods to apply a conducting yarn to 

non-woven textile substrate, as is shown in Figure 4 where a stitched and an embroidered 

yarn are connected by a knot. The thin silver-coating of the yarns will be damaged under 

mechanical loading [8] (see Figure 24). Initially, the conduction takes place through the 

coating of each individual filament and, because these are in direct contact in the bundle, 

there is also inter-filament conduction. When the coating is damaged, less intra-filament 

conduction is possible. But between the filaments a conducting resistor network may still 

exist. It lies at hand that the inclusion of a knot to connect two yarns further complicates the 

conductivity since the interconnection is formed by a clamped contact. This clamp loosens 

upon cyclic mechanical loading and in a clamped contact the resistance increases when the 

clamping force is reduced. Typical data are shown in Figure 25 for cyclic bending over a 

vertical displacement of 86 mm. At a few instances the test was interrupted, this can be seen 

as the decrease of the resistance at 500, 1000, 2000, and 3000 cycles. After resuming the 

cyclic loading the value prior to the interruptions is reached again.  
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Fig. 24 Failure mode of embroidered yarn 

on non-woven textile after cyclic 

bending. Damage to the Ag-coating 

of the filaments is visible. 

Fig. 25 Resistance of non-woven sample 

with knot between stitched and 

embroidered yarn under cyclic 

bending. The dashed line is 

explained in the text. 

We thus have two super positioned effects in these measurements. First, there is the 

background of the gradual increase of the resistance as function of the number of 

stretching and bending cycles. This is the interpretation of the dashed line in Figure 23 

for stretchable SPB-substrates which reflects the sample at 0% elongation for each cycle. 

Very tentatively, that gradual increase of the resistance is attributed to reduction of the 

elasticity of the substrate material which functions to keep the conducting Ag-particles in 

tight contact. For the non-woven sample no data were taken at the exact moments that the 

sample was in the un-stretched state, therefore we have indicated the background with the 

dashed line in Figure 25. The clamping force of the knot-interconnection stems from the 

stitching and embroidering which force loses strength. The second effect adds to the 

background resistance. This appears as an increasing and significant variation of the 

resistance during mechanical cycling which is further discussed below. 

In the two situations, it is very likely that the large variation of the resistance is caused 

by percolation. Percolation theory describes the behavior of clustered elements with a 

certain physical functionality, such as electrical conduction (e.g. for instance [22]). One 

considers a network composed of sites that can be occupied by one element, with a 

probability p that the site is occupied. If two adjacent sites are occupied, the transport 

process takes place between them. In the network conduction is possible when there is at 

least one coherent cluster of occupied sites between the two ends of the network, i.e. the 

contacts to the conducting track or yarn. Below the critical probability that a site is 

occupied – the so called percolation threshold pc – the conduction vanishes. Close to this 

value the conduction () is described by [23]:  

 ( ) .t
cp p   (10) 

The value of the critical site occupancy pc and the exponent t depend on various factors, 

such as the dimensionality of the system. Typically, one reports values of pc = 0.25–0.5 

and t = 1.5–2 [22, 23, 24]. 
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The elements to occupy a site in case of the two types of test structures are the Ag-

flakes of the screen printed conductor in the SPB-samples, and the conducting yarns with 

Ag-coating in the non-woven textile samples. Both form a conductor network. The 

bottom line of this expose is that at some point the connected cluster of conducting 

elements reaches the percolation threshold. The probability of site occupancy approaches 

p = pc. Even small variations in the number and strength of the bonds between the 

elements will then have large impact on the resistance, as one sees in Figure 23 and Figure 

25 and which follows from equation (10). In particular in the stitched interconnection the 

resistance varies per bend cycle over two orders of magnitude. 

To summarize, under cyclic mechanical loading, the conductivity in systems made with 

screen-printed particles or with clamped conducting yarns decays by two mechanisms. On 

the one hand one has a declining clamping force that leads to gradually increasing 

resistance. On top of this, the electrical contacts between conducting particles and yarns 

become less and less in number, which leads to the formation of a percolation network 

with unstable conductivity. 

5. SUMMARY AND CONCLUSIONS 

In this contribution no new data were presented. Instead, existing results from two 

projects on wearable electronic applications and technologies have been reviewed and 

attempts have been made to refine the originally reported analyses. To this end we used 

analytical models to come to a qualitative description of the bending strain of conducting 

yarns in electronic textiles. The bending strain is proportional to the force that is used to 

keep the textile straight in the test. The cycle life obeys a power law with an exponent 

that compares well with the one found for the cycle life of the stretchable substrates. 

As to the stretchable substrates, for the SMI-technology the engineering strain was 

transformed to plastic strain values using results from finite element simulations that 

were carried out elsewhere. As a result the power-law dependence is better in agreement 

with low-cycle fatigue. 

These evaluations show where still work needs to be done. In particular, modeling of 

the plastic strain that accumulates in the cyclic bend test for electronic textiles is such a 

topic. 

Finally, an additional failure mechanism has been observed in clamped contacts. In 

some subsets of the stretchable and textile technologies, the contact force between 

conducting particles or between conducting yarns gradually diminishes, which might be 

attributed to fatigue. But eventually a conductor network evolves that behaves as a 

percolation network. This is also a topic that may receive further attention. 
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